Aims/hypothesis High levels of serum heat shock protein 27 (sHSP27) have been associated with distal symmetric polyneuropathy in patients with type 1 diabetes. Our objective was to investigate the association between sHSP27, neuropathic signs and nerve function in individuals with normal glucose tolerance (NGT), impaired glucose tolerance (IGT) and type 2 diabetes. Methods Participants were recruited consecutively from the population-based Västerbotten Intervention Program (NGT, n=39, IGT, n=29, and type 2 diabetes, n=51) and were matched for age and sex. sHSP27 levels were measured and nerve conduction studies were performed (peroneal and sural nerves). z Scores for each nerve conduction measure were calculated and compiled into a composite z score for the leg. Neuropathy disability score (NDS) was used to assess neuropathic signs. Results Patients with diabetes had significantly lower sHSP27 levels (geometric mean sHSP27 206 pg/ml, 95% CI 142, 299) than those with IGT (geometric mean sHSP27 455 pg/ml, 95% CI 319, 650, p<0.05) and controls (geometric mean sHSP27 361 pg/ml, 95% CI 282, 461, p<0.05). Participants with few signs of neuropathy (first tertile, NDS ≤2) had significantly higher sHSP27 levels (geometric mean sHSP27 401 pg/ml, 95% CI 310, 520) than participants with many signs (third tertile, NDS ≥7) (geometric mean sHSP27 192 pg/ml, 95% CI 128, 288, p=0.007). The highest sHSP27 tertile was associated with better nerve function, adjusted for age, sex, statin medication and HbA 1c (OR 2.51, 95% CI 1.25, 5.05, p<0.05). Conclusions/interpretation High sHSP27 levels were associated with better nerve function and fewer neuropathic signs in NGT, IGT and type 2 diabetes.
Introduction
Heat shock protein 27 (HSP27) has been reported to be involved in survival of neurons [1, 2] and hereditary types of neuropathy [3] . Overproduction of HSP27 has been observed in some target tissues of diabetes complications [4] [5] [6] [7] , but not in all [8] . Proposed mechanisms mediating a neuroprotective effect include stabilisation of actin cytoskeleton [9] and inhibition of apoptosis [10] .
High levels of serum HSP27 (sHSP27) have been associated with distal symmetric sensorimotor polyneuropathy in patients with type 1 diabetes [11] . Thus, it has been hypothesised that a reduced nerve function might be associated with increasing levels of sHSP27, and might be an indicator of neuropathy [11] . The association between nerve function and sHSP27 has not been studied in individuals with type 2 diabetes and impaired glucose tolerance (IGT).
Thus, our objective was to investigate the association between nerve function and signs of neuropathy and sHSP27 in individuals with different glycaemic status.
Methods

Study population
In this exploratory cross-sectional study we recruited participants with normal glucose tolerance (NGT) and IGT, and type 2 diabetes patients, aged 60±1 years, from the populationbased Västerbotten Intervention Program (VIP) [12] . The NGT and IGT individuals performed two standardised OGTT after overnight fasting with about 1 week's interval to verify their glucose status. Both OGTT results should be within the cut-off values for fasting plasma glucose (fPG) and 2 h plasma glucose (2hPG) according to 1999 WHO recommendations (NGT: fPG <7.0 mmol/l and 2hPG <8.9 mmol/l, IGT: fPG <7.0 mmol/l and 2hPG ≥8.9 to <12.2 mmol/l) [13] . All individuals underwent a physical examination, by the same physician, including assessment of their medical history and medications. A history of peripheral artery disease, coronary artery disease or stroke was used to identify cardiovascular disease (CVD). Initially 129 individuals were recruited: four individuals withdrew, three individuals were excluded due to nutritional deficiencies (vitamin B 12 and folate) and three were excluded due to neuropathy asymmetry caused by sciatica or stroke; this left 119 individuals in the study.
All individuals gave informed consent and the study was approved by the ethics committee of Umeå University, Umeå, Sweden.
Measurements
The participants' height, weight and blood pressure were measured and their BMI calculated (kg/m 2 ). Blood samples were drawn and measured for HbA 1c (HPLC, TOSOH, Tokyo, Japan), high-sensitivity C-reactive protein (hsCRP) (Chemiluminescent Immunoassay System on Immulit, Siemens, Deerfield, IL, USA) and creatinine ( Diego, CA, USA) and the calculated coefficient of variation for the analysis in our study was 10.6%. In order to rule out other possible causes of neuropathy, e.g. thyroid disease, chronic alcoholism and nutritional deficiencies, blood samples were analysed for vitamin B 12 , folate, homocysteine, methylmalonic acid, thyroid stimulation hormone, thyroid hormones T 4 and T 3 , γ-glutamyl transferase and carbohydrate deficient transferrin.
Neurophysiological assessment
Electrophysiology A neurophysiologist, who was blinded to the group identity of the individuals, performed the standardised motor and sensory nerve conduction studies. Measurements were performed on the right leg, including the conduction velocity of the peroneal and sural nerve and the amplitude of the sural nerve. A z score for each nerve measurement was calculated using the formula: z score= individual value of participant−mean value of control group (NGT individuals) divided by SD of mean value for control group.
A composite z score leg, reflecting the nerve function in the leg, was calculated: (z score conduction velocity peroneal nerve+z score conduction velocity sural nerve+ z score amplitude sural nerve)/3. The summation of nerve conduction attributes has been used elsewhere [14] . Tertiles of composite z score leg were obtained for comparison.
Neuropathy disability score A modified version [15] of Dyck's original neuropathy disability score (NDS) [16] was used to evaluate signs of neuropathy in the lower extremities. The modified version of NDS included examination of sensory perception, reflexes and muscle strength, and has been used elsewhere [17] . Tertile score categories of NDS were formed for comparison.
Statistical analyses Data are presented as numbers (n), proportions (%) and distribution as mean and SD or median and interquartile range (IQR). For log-transformed data, geometric means with a 95% CI were used. Differences between groups were tested by ANOVA and subsequent Student's t test for normally distributed variables. For nonnormally distributed variables, the Kruskal-Wallis test was applied with subsequent Mann-Whitney U testing. Variables with non-normal distribution were also used after logarithmic transformation (sHSP27, creatinine, hsCRP, HbA 1c ). For log-transformed variables, differences between groups were tested with ANOVA and Dunnett's post hoc analysis and are presented as geometric means (95% CI). Differences in proportions were tested using the χ 2 test. Spearman's correlation coefficient was used in bivariate correlation analysis between independent variables. Univariate logistic regression analyses were performed for both composite z score leg tertiles and sHSP27 tertiles as the dependent variable. In addition to age and sex, independent variables that were significantly associated (p<0.05) with the dependent variables in the univariate analyses were used in the final multinomial logistic regression models ( Table 3 ). When having composite z score leg tertiles as the dependent variable against levels of sHSP27, the independent variables were entered in a forward stepwise manner in the following order: age, sex, height, weight and HbA 1c . When having sHSP27 tertiles as the dependent variable against composite z score leg values, the independent variables were entered in a forward stepwise manner in the following order: age, sex, statin medication, HbA 1c . A p value <0.05 was considered statistically significant. Statistical analyses were performed with SPSS 19.0 (SPSS Inc., Chicago, IL, USA).
Results
Baseline characteristics
As expected, those with diabetes had higher BMI and HbA 1c than those in the control and IGT groups (Table 1) , but sHSP27 levels in the diabetes group were significantly lower than in the control and IGT groups (Table 1) . We found no association between sHSP27 and CVD.
Spearman's rank correlation analysis revealed that sHSP27 was significantly and negatively correlated to HbA 1c (r=−0.26), diabetes status (r=−0.27) and NDS (r=−0.30), but positively correlated to composite z score leg (r=0.23), amplitude of the sural nerve (r=0.22) and conduction velocity of the peroneal nerve (r=0.18, all p<0.05). The diabetes group had a significantly greater proportion of individuals with statin and renin-angiotensin system (RAS) inhibitor medication compared with controls ( Table 1) .
The conduction velocity of the peroneal nerve was significantly decreased in the IGT and diabetes groups compared with controls, and the conduction velocity of the sural nerve was significantly lower in the diabetes group than in controls ( Table 1 ). The calculated composite z score, reflecting the nerve function in the leg, was significantly lower in the diabetes group than in controls (Table 1) .
sHSP27 and nerve conduction Individuals in the highest tertile of composite z score leg had significantly higher sHSP27 levels (geometric mean sHSP27 435 pg/ml, 95% CI 339, 559) than individuals in the lowest tertile (geometric mean sHSP27 229 pg/ml, 95% CI 159, 329, p=0.027).
sHSP27 and NDS
Members of the diabetes group had significantly higher NDS than those of the control group (Table 1 ). In line with the electrophysiological findings, individuals with few neuropathic signs (i.e. lowest tertile score; n=41) had significantly higher sHSP27 levels (geometric mean sHSP27 401 pg/ml, 95% CI 310, 520) than individuals with more signs (i.e. highest tertile score; n=35) (geometric mean sHSP27 192 pg/ml, 95% CI 128, 288, p=0.007).
sHSP27, nerve conduction and NDS Individuals with good nerve function and few neuropathic signs, i.e. those in the highest tertile of composite z score leg and lowest tertile of NDS, were compared with individuals with poorer nerve function and many neuropathic signs, i.e. those in the lowest tertile of composite z score leg and in the highest tertile of NDS. Individuals with the best function had significantly higher sHSP27 levels (geometric mean sHSP27 443 pg/ml, 95% CI 338, 580) than individuals with poor function (geometric mean sHSP27 207 pg/ml, 95% CI 126, 337, p=0.048).
Associations with composite z score leg and sHSP27
Univariate linear regression analysis revealed that HbA 1c was negatively associated with sHSP27 (β=−0.279, p=0.002).
Adjusting for CVD did not attenuate the association between HbA 1c and sHSP27 (β=−0.256, p=0.005). However, after adjustment for diabetes status the association was attenuated (β=−0.132, p=0.33). Univariate multinomial logistic regression analyses for both composite z score leg and sHSP27 tertiles are shown in Table 2 . Variables that were significant (Table 3) . Using tertiles of sHSP27 as the dependent variable revealed that increasing composite z score leg, i.e. better nerve function, was associated with high sHSP27 levels after adjustment for statin medication, age and sex; this association was not attenuated after adjustment for HbA 1c (Table 3) .
Discussion
In this exploratory cross-sectional study we observed, counter to our hypothesis, that high levels of sHSP27 were associated with better nerve function than in those with reduced nerve function. In addition, individuals with few neuropathic signs, based on the NDS, had higher sHSP27 levels than those with many neuropathic signs.
Type 1 and type 2 diabetes mellitus
Our results are in contrast to the study by Gruden et al. [11] , who found an association between high levels of sHSP27 and neuropathy in patients with type 1 diabetes, using the same ELISA kit as in our study for measuring sHSP27. In order to explain the differing results one could speculate that type 1 diabetes, which is an autoimmune disease, may have a different HSP27 regulation compared with individuals with type 2 diabetes and IGT. Anti-HSP27 autoantibodies have been observed to damage nerve cells by inducing neuronal apoptosis [18] . However, it has been shown that anti-HSP27 antibody levels were not associated with the presence of neuropathy in individuals with type 1 diabetes [19] . In addition, the association between sHSP27 levels and nerve function could be dependent on the methods of defining neuropathy and nerve function. This may partially explain our divergent results to the study by Gruden et al. [11] , where the severity of neuropathy was assessed relatively crudely by symptoms, loss of ankle reflexes and vibratory perception threshold. Such a method possibly identified patients with significantly worse neuropathy than in our study, where nerve conduction was used for assessment of nerve function.
IGT, HbA 1c and sHSP27
We found a significant negative association between HbA 1c and sHSP27, and observed a rising HbA 1c throughout the NGT, IGT and type 2 diabetes groups. However, the sHSP27 levels were higher in the IGT group than both the NGT and type 2 diabetes groups. We have no obvious explanation for this observation but we speculate that it might have to do with the heterogeneity of IGT; a small proportion go on to develop diabetes, whereas others continue to have IGT for many years and some even revert to NGT. As this is a cross-sectional study, we have no control of how long the different individuals have been in Table 3 Multinomial logistic regression models of composite z score leg tertiles or sHSP27 tertiles as the dependent variable [20, 21] . Thus, we interpret our findings as hyperglycaemia having a negative effect on nerves; an effect that is mirrored by lower levels of HSP27.
Co-morbidity and sHSP27
Co-morbid states, such as CVD, might affect sHSP27 levels. In our study, we found that sHSP27 levels tended to be higher in participants with CVD than in those without CVD. Burut et al. [22] observed that sHSP27 levels were significantly increased in individuals with glucose intolerance (IGT and type 2 diabetes) and coexisting CVD compared with individuals with glucose intolerance but without CVD. However, Martin-Ventura et al. have shown that circulating levels of HSP27 were significantly decreased in atherosclerotic individuals compared with healthy controls [8] . They proposed that circulating HSP27 can be degraded by enzymes from atherosclerotic plaques [23] . Thus, comorbid states such as CVD should be considered when studying sHSP27 levels in humans.
HSP27 and medication
It has been shown that statins (HMG-CoA reductase inhibitors) may increase the levels of HSP27 in neural tissue [24] and that HSP27 is affected by pathways related to the RAS [25] . In our study the patients with type 2 diabetes had a greater proportion of individuals on statin and RAS inhibitor therapy compared with controls. If HSP27 level can be modulated by pharmacological induction, this effect should be accounted for as it could possibly confound the interpretation of data. However, in our study statin or RAS inhibitor therapy was not a factor that significantly affected the association between sHSP27 levels and nerve function.
Neuronal aspects of HSP27
Induction of HSP27 has been observed in Schwann cells and in the regenerating axons after nerve injury [26] . In addition, HSP27 is also constitutively produced in sensory and motor neurons, as well as in the surrounding satellite cells [27] . It has also been reported that endothelial cells constitutively produce HSP27 in the blood [28] . Whether upregulation of HSP27 seen in such animal studies [1, 2, 29] holds true for humans is uncertain, and the amount of overproduced HSP27 from various neuronal and nonneuronal cells needed for HSP27 to be measurable in the bloodstream is unknown. However, we observed higher sHSP27 levels in individuals with better nerve function, indicative of a potential neuroprotective function of HSP27, which is in accordance with the neuroprotective effects of HSP27 upregulation that have been proposed based on animal studies [1, 2, 29] . HSP27 may have a rather dynamic role in neuroprotection and recognising the mechanisms involved in the regulation of HSP27 in humans may thus provide important development in understanding neuropathies and nerve function.
Limitations and strengths
The limitations in our study include the relatively small group sizes, which might reduce the power, and the cross-sectional design of our study does not enable us to assess causal and temporal relationships. The strength of our study is that all individuals were recruited consecutively from a populationbased sample and were of the same age. In addition, we used a strict definition of IGT based on two OGTT.
In conclusion, high levels of sHSP27 were associated with improved nerve function and fewer neuropathic signs indicative of a neuroprotective role. sHSP27 levels could be considered for identifying and following the development of nerve dysfunction.
